Abstract. Freezing and melting behavior of nitrobenzene in mesoporous silicon with different pore size and with different porous structure have been studied using 1 H NMR cryoporometry. With the bulk phase surrounding the porous monoliths, in materials with uniform channel-like pores distinct poresize-dependent freezing and melting transitions have been measured. These data were further used for the analysis of the fluid behavior in samples with modulated porous structure, namely linear pores with alternating cross-section. We have, in particular, considered two materials consisting of channel sections, which were separated by almost identical channel 'necks' but notably differed in the respective channel diameters. In the smaller channel segments, the observed shift in the freezing temperature provides direct evidence of the relevance of a poreblocking mechanism, i.e. of the retardation in the propagation of a solid front by the channel necks. In the channel segments with larger diameter, on the other hand, freezing is found to be initiated by homogeneous nucleation.
Introduction
It is well documented that phase transitions under confinement are often shifted in comparison with those in the free fluid. Among a variety of such examples, fluid-solid (freezing) and solid-fluid (melting) transitions in nanoporous solids have attracted particular attention [1] - [4] . A very broad spectrum of experimental results obtained using porous materials of various pore sizes, morphologies and types of fluid-solid interaction has greatly promoted the general understanding of these phenomena. However, some aspects still require further experimental and theoretical analysis. This, in particular, concerns the quantification of the freezing/melting hysteresis-namely the phenomenon of diverging melting and freezing transitions [5] - [10] .
In classical theories, hysteresis is often associated with the occurrence of different thermodynamical conditions under which these transitions are thought to occur. For example, expressing the total free energy of a fluid in an ideal cylindrical pore as a function of the volume fraction of a frozen core, within a certain temperature range, one finds two local minima in the free energy [8, 11] . These correspond to a liquid-filled pore and a pore with a frozen core, except a few monolayers adjacent to the pore walls. In this approach, it is argued that the freezing condition is found by equating the free energies at the two minima while melting occurs at just this temperature where the latter minimum disappears. Crucially, however, these conditions assume that nucleation, recalling the first-order-character of the transitions, is not a limiting process [12] .
For the melting transition in small pores, the latter may be justified by referring to the fact that, in most cases, nuclei of the liquid phase are present at all relevant temperatures. Indeed, the existence of non-frozen surface layers on the pore walls has found much experimental evidence [13] , including NMR studies [14] - [16] . In this way, melting in a single pore is often assumed to take place at the equilibrium transition temperature [17] . For the freezing transition, on the other hand, two situations may be envisaged: freezing may be initiated either by nucleation in the pores or by solid-front penetration if the pores are in contact with the bulk-frozen phase [18] - [21] . As experimental evidence for this, one may refer to a substantial dependence of the freezing temperature on pore filling factors [7, 17, 22] . In materials with random porous structure, in both cases, however, the freezing front either growing in the porous matrix or penetrating into the pores may become stuck at the pore constrictions if their dimensions are small enough to provide sufficiently high free energy barriers to overcome. In the literature, this effect is referred to as the pore-blocking (or ink-bottle) effect and is widely assumed to contribute to the freezing/melting hysteresis.
The pore-blocking concept is involved in the rationalization of a number of phenomena such as gas desorption from random pores [23] or mercury intrusion [24] . However, molecular 3 dynamics simulation studies of adsorption/desorption processes in ink-bottle-shaped pores have revealed that under certain conditions the pore blocking can be bypassed by cavitation, i.e. evaporation from large cavities can occur even if narrow necks remain filled by the liquid [25] . The same scenario emerged from Monte Carlo and density functional theory studies, providing deeper insight into the phenomenon [26, 27] . The availability of well-ordered mesoporous materials with three-dimensional (3D) cage-like structures allowed the experimental validation of the behavior revealed by theoretical analysis and their direct comparison [28] - [31] . Thus, Ravikovitch and Neimark [29, 30] have experimentally verified three possible mechanisms of evaporation from ordered mesoporous materials: (i) evaporation due to cavitation from large enough pores, (ii) pore-blocking-controlled desorption and (iii) near-equilibrium desorption from large pores having direct access to the bulk reservoir.
To our knowledge, there is only one systematic study [32] of freezing in well-ordered materials with a network of ink-bottle pores under pore-blocking control. On changing the size of the cavities and the connecting necks, the authors have observed two distinct regimes of freezing. It was experimentally found that, with a neck size of less than about 4 nm, the pore water in the cavities froze by a mechanism of homogeneous nucleation. With large neck sizes, however, the freezing transition has been found to increase and to broaden, indicating a gradual, percolation-like freezing along the cavities and the necks whose size is sufficiently large to allow the propagation of the ice front.
Benefiting from our ability to produce mesoporous silicon with channel-like pores and varying cross-section, in the present work we are going to follow a suggestion emerging from the studies by Morishige et al [32] and experimentally test the relevance of the pore-blocking concept for the freezing transition in specially designed pore architectures. In this way, by means of NMR cryoporometry, we are able to provide direct evidence that, depending on the relation between the sizes of the necks and of the channel segments separated by them, both freezing delayed by pore blocking and freezing by homogeneous nucleation in the larger pores (analogue to cavitation in desorption) can be observed. Moreover, our experimental findings reveal that the character of the freezing process depends on the arrangement and the interconnectivity of the pores with different sizes. Thus, changing these properties provides an interesting option to initiate controllable percolation processes.
Experimental section
The porous silicon (PSi) [33, 34] samples have been prepared by electrochemical etching (anodization) of single-crystalline (100)-oriented p-type Si wafers with a resistivity of 2-5 m cm. The electrolyte contained HF (48%) and C 2 H 5 OH in a ratio of 1:1. Two samples with different pore sizes have been prepared by applying constant current densities j 1 = 20 mA cm −2 (P1) and j 2 = 80 mA cm −2 (P2). In this way, non-intersecting linear pores with pore diameters of about 5.6 and 7.5 nm, respectively, are produced [35] - [37] . A third PSi sample (PM1) has been produced by alternating the current density between j 1 and j 2 with durations chosen to yield equal volumes of the pore sections with different diameters (see the schematic structure in figure 1(a) ). A fourth sample (PM2) has been produced in the same way as PM1, with the current density alternated between j 1 = 20 mA cm −2 and j 3 = 120 mA cm −2 . Etching steps with larger currents ( j 3 > j 2 ) lead to larger pores (of about 10 nm diameter). For removing the PSi films from the substrates, an electropolishing step with a current density of 700 mA cm −2 was applied for 2-3 s. In all cases, the total anodization duration has been chosen to provide a thickness L of the PSi films of about 50 µm. By using scanning electron microscopy (SEM) (figure 1), the real structure of the thus obtained samples has been found to correlate well with the expected one.
To study freezing/melting transitions in the PSi samples, the NMR version [14, 38] of thermoporometry [3, 18] has been employed. This method is based on the fact that the NMR spin-spin relaxation times T 2 in the crystalline (T . Under such circumstances, the 90
• -τ -180
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acts as a filter suppressing the NMR signal from the crystal phase [39] . If, at a certain temperature, the liquid (non-frozen) and crystalline (frozen) phases coexist within the pores, the described procedure yields the NMR signal intensity I of the liquid phase only. Note that I is directly proportional to the number of spin-bearing molecules and, thus, provides a measurable quantity to follow freezing/melting transitions under confinement. In what follows, the thus obtained value of I will be normalized to that measured for pores completely filled with liquid to yield the fraction f of liquid volume in the pores (thus, f = 0 refers to pores completely filled with frozen liquid, except for a non-frozen surface layer, and f = 1 to completely liquid-filled pores).
The 1 H NMR cryoporometry experiments have been carried out on a home-built NMR spectrometer operating at a proton resonance frequency of 400 MHz, equipped with a temperature controller with an accuracy of better than 0.2 K. As a probe liquid, nitrobenzene with the bulk melting temperature T m ≈ 5.6
• C has been used. The PSi crystals placed in the NMR tube have been outgassed and then oversaturated by nitrobenzene. The 1 H NMR measurements were performed using the 90
• spin-echo pulse sequence with τ = 3 ms. First, temperature has been decreased by small steps (usually 0.5 K). After each step, an equilibration time of about 3 min has been given. Then the spin-echo amplitude has been measured. This was repeated until the NMR signal has almost completely disappeared. Thereafter, the same procedure has been repeated with increasing temperature ('heating branch') until complete signal restoration. The temperature ranges studied correspond to those shown in figures 1-4.
Experimental results and discussion
The experimental results shown in figure 2 are the key finding of our work. Figure 2 displays the freezing and the melting transitions of nitrobenzene in three investigated samples. In materials with uniform pores (P1 and P2), relatively sharp melting transitions are observed. The transition temperatures were shifted with respect to the bulk melting point T m = 5.6
• C and are correlated with the envisaged pore dimensions. This is easily reconciled by referring to the Gibbs-Thompson equation T m − T = K /d for the melting point T suppression, where K is, in first approximation, a fluid-dependent constant (K ≈ 125 K nm for nitrobenzene [40, 41] ). Most importantly, for the sample PM1 with the modulated structure, the melting curve reveals two transitions with flattening in-between them. The temperature ranges of these two transitions and, hence, the respective pore dimensions correspond well to those for P1 and P2. In addition, the flattening occurs at the half-height of the curve, suggesting equal pore volumes in the sections with the different pore sizes. Thus, the experimental data on melting completely support the structure expected for the sample PM1 owing to the preparation conditions (see figure 1) .
The freezing transitions in materials with uniform pores (P1 and P2) appear to be even more strongly suppressed with respect to T m as compared with the melting transition. Thus, together with the melting branch, well-pronounced, pore-size-dependent hysteresis loops result. Their particular details (shape, width, etc) deserve special assessment and may be left out of consideration in the present context. We are rather interested in the position of the freezing transition in PM1 in relation to those in P1 and P2. If one assumes that freezing in pores proceeds in a qualitatively similar way to melting, i.e. independently in different spatially extended pore sections with different pore sizes, then one would expect the freezing curve for PM1 as shown by the solid line in figure 2 . However, the experimentally measured transition is found to be sharp and delayed to the temperatures required to freeze the fluid in the smallest pores (P1).
We anticipate that this observation is the consequence of the pore-blocking effect recalling that our samples contain an extra bulk phase of the liquid surrounding the porous particles. Thus, upon decreasing the temperature below T m , the bulk phase freezes first at a certain temperature. Upon further cooling, the solid phase cannot ingress into the pores until the thermodynamical conditions favoring the penetration of the solid front into the pore section with diameter d 1 (see figure 1 ) are fulfilled. It should be noted that this line of reasoning implies that the penetration of a solid front into the pores is the mechanism responsible for pore freezing [18] . In order to clarify this issue, we have performed additional experiments avoiding any bulk phase between the PSi specimens, i.e. the samples have been prepared with complete saturation of the mesoporous space (mesopore filling factor 1) but without any perceptible excess. Figure 3 shows the results for sample P1, as an example. The displayed experimental finding provides clear evidence that the freezing initiated by nucleation within the pores leads to an even stronger suppression of the freezing point than that observed for the sample PM1, being in contact with the bulk phase.
More detailed evidence on the freezing behavior is found with sample PM2. Here, the channels consist of four sections with a diameter of d 2 = 10.4 nm, interconnected by narrower channels (necks) with d 1 = 6.2 nm (pore sizes determined from the melting transition using the Gibbs-Thompson equation). The two large pores, on each side of the channels, have immediate contact with the bulk fluid. In complete agreement with the above consideration, all these structural features of pore architecture are nicely reflected by the freezing and melting behavior as shown in figure 4 . The melting branch exhibits the same pattern as for PM1: one observes two distinct melting transitions corresponding to the melting of nitrobenzene in wider and narrower pores. However, the freezing behavior is quite different from that of the sample PM1 where the whole of the pore fluid was found to freeze at one temperature, due to pore-blocking control by the narrow pores. Here, two distinct freezing transitions are clearly detected. The first one, taking place at temperatures between −10 and −15
• C, corresponds to the freezing of the fluid in the two wide-channel sections adjacent to the silicon wafer surface, caused by the ingress of a solid front from the bulk frozen phase. Thereafter, the pore-blocking mechanism due to the narrow channels (necks) prevents further ingress of the solid phase. Remarkably, the second freezing transition is detected at a temperature of about −30
• C. In contrast to the sample PM1, where the freezing transition temperature due to the pore blocking is delayed down to −40
• C, in this case the rest of the wide channel sections presumably freeze via homogeneous nucleation. With further decreasing temperature, a gradual freezing in the narrowchannel sections is observed.
Conclusions
In conclusion, we have presented an experimental study of the freezing phenomenon under mesoscalic confinement. Using mesoporous silicon with controllable channel parameters as a model system, we have been able to confirm the relevance of the pore-blocking effect during freezing by solid-front penetration from the outer frozen phase. At the same time, in materials with wider channels separated by necks of the same size, also freezing by homogeneous nucleation is observed. Altogether, with the used samples three different regimes of freezing, similar to that for the desorption from mesoporous cage-like structures [29, 30] , are distinguished: (i) freezing due to homogeneous nucleation, (ii) pore-blocking-controlled freezing and (iii) freezing of the large pores having immediate access to the frozen bulk phase. All these effects may be relevant for freezing in materials with random pore structure, where a further growth of the initial crystals nucleated within the pores, or formed in larger pores in contact with bulk solid phase, can be prohibited by the heterogeneity of the structure, e.g. by pore constrictions.
